Heterogeneity in the 16S-23S rDNA spacer of uncultured ' Tropheryma whippelii ' has previously been reported. In this study, the hypervariable insertion in the 23S rDNA domain III characteristic for actinobacteria was analysed. The finding of a unique sequence virtually identical among the subtypes supports the classification of ' T. whippelii ' among the actinobacteria and the concept of three subtypes rather than three subspecies, and provides an alternative target for diagnostic assays.
The Gram-positive rod-shaped bacterium associated with Whipple's disease has so far never been reproducibly cultivated on artificial media (Dobbins, 1987 ; Schoedon et al., 1997) . Consequently, only limited taxonomic information is currently available for this putative pathogen. On the basis of 16S rDNA sequence analysis, the organism was classified as a new species (and genus), ' Tropheryma whippelii ', within the actinobacteria (Relman et al., 1992) . Recently, the phylogenetic position of ' T. whippelii ' was reassessed to be near both cellulomonads and those actinobacteria that contain a group B peptidoglycan (Maiwald et al., 1996) . In the same study, the 16S-23S rDNA intergenic spacer and its flanking region in the 23S rDNA were also determined (Maiwald et al., 1996) .
Comparative sequence analysis of the 16S-23S rDNA spacer by a ' T. whippelii '-specific approach directly in clinical specimens from nine independent Swiss patients confirmed the original spacer sequence and suggested homogeneity of this intergenic region (Hinrikson et al., 1999a) . However, when specimens The GenBank accession numbers for the ' Tropheryma whippelii ' actinobacterial insertion type A and its flanking regions in domain III of the 23S rDNA and for the ' Tropheryma whippelii ' insertion type B are AF148136 and AF148137, respectively. from nineteen additional patients with and without Whipple's disease were analysed, some sequence polymorphisms were detected (Hinrikson et al., 1999b) . Based on these data, three different subtypes of the Whipple's disease bacterium rather than three closely related species were postulated because partial 16S rDNA sequencing did not reveal any heterogeneity among these three groups. However, in the absence of DNA-DNA hybridization studies, these conclusions remain speculation and by no means exclude the existence of closely related species (Fox et al., 1992 ; Stackebrandt & Goebel, 1994) .
Further characterization of ' T. whippelii ' and its possible close relatives may be performed by molecular analysis of a hypervariable region in domain III of the 23S rDNA. As compared to the reference sequence of Escherichia coli, this region contains an additional insertion characteristic for actinobacteria (here referred to as ' 23S rDNA actinobacterial insertion ') which has been found to be of particular value for species differentiation in this taxonomic group (Roller et al., 1992 ; Roller, 1993) .
In the present study, a partial sequence of the 23S rDNA domain III of ' T. whippelii ' was determined by broad-range analysis. In addition, a specific nested PCR was established for the analysis of the actinobacterial insertion of the three putative subtypes of the 01255 # 2000 IUMS Gastric aspirate (II) TW 3 B *All specimens were shown to be positive for ' T. whippelii ' rDNA by species-specific PCR assays targeting the 16S rDNA (Bra$ ndle et al., 1999) , the 16S-23S rDNA spacer (Hinrikson et al., 1999b) and the 23S rDNA (this study). † Partial 16S rDNA sequence identical to ' T. whippelii ' reference sequence (Relman et al., 1992) for TW-4 and TW-2 (TW) amplicon or broad-range (EUB) amplicon as described previously by Bra$ ndle et al. (1999) and Goldenberger et al. (1997) , respectively. ‡ Classification using ' T. whippelii ' spacer type-specific nested PCR assays (Hinrikson et al., 1999b) . § A and B represent the ' T. whippelii ' insertion sequence types with thymine or cytosine at position 88 of the reference sequence, respectively ( Fig. 1 ).
Whipple's disease bacterium directly in clinical specimens.
A total of nine clinical specimens positive for ' T. whippelii ' rDNA by PCR and sequence analysis were investigated (Table 1) . Negative controls consisted of intestinal biopsies (n l 10) and gastric aspirates (n l 10) that were negative for ' T. whippelii ' by semi-nested PCR (Bra$ ndle et al., 1999) . Additional controls included a clinical isolate each of Arcanobacterium (formerly Actinomyces) pyogenes and Escherichia coli grown aerobically on Columbia agar (Becton Dickinson) with 5 % (w\v) sheep blood at 37 mC overnight, and molecular grade H # O (LAL reagent water ; BioWhittaker). DNA extraction methods and composition of PCR reactions for amplification on a GeneAmp PCR System 9600 (Perkin Elmer) were as described previously (Hinrikson et al., 1999a, b) . All PCRs included an initial activation-denaturation step at 95 mC for 12 min and a final extension step at 72 mC for 10 min. Broad-range amplification was performed with primers 23InsV (positions 1448-1463 of the Micrococcus luteus 23S rDNA sequence ; GenBank accession no. X06484) and 23InsR (positions 1805-1790) (Roller et al., 1992) . ' T. whippelii '-specific amplification was done by nested PCR. Amplification with primers HGC-23InsF (5h-CGT AGT CGA TGG ACA ACG, positions 1452-1469) and TW-23InsR1 (5h-TAG AAC CTT GTG TCG ATG C, positions 1781-1763) consisted of 40 cycles at 95 mC for 1 min, at 55 mC for 1 min and at 72 mC for 1 min. Nested reamplification with ' T. whippelii'-specific primers TW-23InsF (5h-GGT TGA TAT TCC CGT ACC GGC AAA G, positions 1470-1494) and TW-23InsR2 (5h-GCA TAG GAT CAC CAA TTT CGC GCC, positions 1751-1728) was performed for 20 cycles at 95 mC for 1 min, at 60 mC for 1 min and at 72 mC for 1 min. PCR products were analysed on an ethidium bromide-stained agarose gel. Selected amplicons obtained with primers 23InsV and 23InsR were cloned according to the instruction manual of the Original TA Cloning kit (Invitrogen). Plasmid DNA was extracted using the QIAprep Spin Miniprep kit (QIAGEN). Amplicons purified with the QIAquick PCR Purification kit (QIAGEN) and plasmids were sequenced in both directions on an ALFexpress DNA Sequencer (Amersham Pharmacia Biotech). Sequencing reactions were performed using the Autoload SPS kit (Amersham Pharmacia Biotech) and\or the Thermo Sequenase kit with 7-deaza-dGTP (Amersham Pharmacia Biotech). Sequencing primers included oligonucleotides used for PCR and plasmid-targeting (M13) primers. Raw sequencing data were processed with  version 1.1 (Amersham Pharmacia Biotech). Comparative sequence analysis was done with entries in the GenBank\EMBL databases and the Ribosomal Database Project II, and with an actinobacterial 23S rDNA consensus sequence (Roller, 1993) using the Genetics Computer Group software package version 8.1 (University of Wisconsin, Madison, USA). A heart valve extract from a patient with ' T. whippelii '-associated endocarditis (patient no. 4 ; Table 1 ) and thus unlikely to contain bacteria other than ' T. whippelii ' was amplified by broad-range PCR targeting domain III of the 23S rDNA (Roller et al., 1992) . The resulting products (p330 bp) were remarkably larger than those obtained from a non-actinobacterial control (E. coli, p250 bp) but smaller than those from Arcanobacterium pyogenes (p350 bp). alysis of the ' T. whippelii ' amplicons and the respective inserts in plasmids allowed a partial ' T. whippelii ' 23S rDNA reference sequence containing 294 nt to be established. Comparative sequence analysis revealed the presence of an insertion (80 nt, positions 35-114 ; Fig. 1 ) commonly found at homologous 23S rDNA positions in actinobacteria but not in other bacterial lineages investigated so far (Roller et al., 1992 ; Embley & Stackebrandt, 1994) . Thus, the detection of an actinobacterial insertion for ' T. whippelii ' confirmed its classification as an actinobacterium by an alternative approach independent from the previous comparative 16S rDNA sequence analyses (Maiwald et al., 1996 ; Relman et al., 1992 ; Wilson et al., 1991) .
On the basis of our partial ' T. whippelii ' 23S rDNA reference sequence, a species-specific nested PCR was established to allow analysis of the ' T. whippelii ' actinobacterial insertion in a selection of specimens representing the three postulated subtypes of this species (Table 1) . While no PCR products corresponding to first-round amplicons (expected size : 298 bp) were detected for five specimens (patient nos 1, 2, 4, 5 and 7), reamplification resulted in the expected products (250 bp) for all nine specimens but for none of the negative controls analysed. The sequences determined for the reamplification products from patient nos 1-7 (' T. whippelii ' spacer types 1-3) were all identical to our reference sequence. The sequences derived from two independently processed specimens from patient no. 8 (spacer type 3) differed from this reference sequence at a single site within the actinobacterial insertion (position 88 ; Fig. 1 ) where a cytosine (reference : thymine) was found (Table 1) . These findings support the concept of three ' T. whippelii ' spacer subtypes (as opposed to three different species), especially in view of the fact that for the actinobacterial insertion in domain III very high intraspecies ( 97 %) but only moderate interspecies ( 84 %) similarities have been described (Roller, 1993 ).
Comparative sequence analysis was then performed between our partial ' T. whippelii ' 23S rDNA reference sequence and corresponding entries in public databases. High primary structure similarities ( 90 %) to other actinobacteria as well as unrelated bacteria were exclusively found for the region immediately upstream of the ' T. whippelii ' insertion (positions 1-34 ; Fig. 1 ). This similarity has previously been related to the presence of a conserved binding site for ribosomal proteins (El-Baradi et al., 1985) . Only moderate sequence similarities (around 70 %) to other bacteria were found for the region downstream of the insertion (positions 115-294). The respective values for the insertion itself (positions 35-114) were, as expected, negligible. As compared to all other actinobacterial insertions investigated so far, the insertion sequence of ' T. whippelii ' is smaller (80 nt versus 86-116 nt) and does not contain any of the group-specific sequence elements (signatures) defined so far (Roller et al., 1992 ; Roller, 1993) . Notably, no significant similarity was found to the insertions from representatives of cellulomonads and those actinobacteria that contain a group B peptidoglycan, the two clusters comprising the phylogenetic neighbours of the Whipple's disease bacterium (Maiwald et al., 1996) . Nevertheless, the secondary structure of the ' T. whippelii ' insertion (and its flanking regions) is similar to those of other actinobacteria (Roller et al., 1992 (Roller et al., , 1994 Gutell et al., 1993) as illustrated in Fig. 1 with the models of Micrococcus luteus, Mycobacterium leprae, Streptomyces ambofaciens and Streptomyces griseus (Gutell et al., 1993) . However, the presence and stability of all these higher order structural elements of rRNA remain to be shown in vivo (Gutell et al., 1994) .
The remarkable sequence diversity in domain III of the 23S rDNA between the various bacteria in conjunction with its intraspecies conservation may not only be relevant for taxonomic purposes but also offers a suitable target for specific PCR primers (as shown above) and hybridization probes for clinical diagnostic and research applications. The suitability of domain III as a target for specific (in situ) hybridizations of Gram-positive as well as of Gram-negative bacteria has repeatedly been demonstrated (Ho$ nerlage et al., 1994 ; Ludwig et al., 1994 ; Roller et al., 1992 Roller et al., , 1994 Trebesius et al., 1994) . Similar approaches may be of particular value in the diagnosis of ' T. whippelii '-associated diseases from preserved histopathological specimens for which partially degraded DNA may compromise the sensitivity of PCR.
On the basis of molecular analysis of the 23S rDNA domain III, it is concluded that the three ' T. whippelii ' variants postulated previously according to 16S-23S rDNA spacer analysis most likely represent subtypes of this species. In addition, the detection of an actinobacterial insertion unique to ' T. whippelii ' further supports its classification within the actinobacteria but no close relationship to any of the currently recognized species. Whether the laboratory analysis of Whipple's disease may be improved by assays that target the ' T. whippelii ' 23S rDNA domain III remains to be shown.
